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Remote Paciﬁc windThe regional sea level variation in the East China Sea (ECS) was inﬂuenced not only by local factors but also by
remote wind from adjoining ocean with the oceanic connectivity inﬂuenced by upper-ocean circulation. The
satellite altimeter observations showed that from 1993 to 2008, the inter-annual sea level variation in the ECS
was negatively related to the strength of Kuroshio. To investigate the relative role of local and remote wind,
two sensitive experiments were carried out using the POP model. Model experiments revealed that wind-
induced redistributions of water played a signiﬁcant role in the sea level variation of the ECS. The seasonal vari-
ations were induced by both local winds and remote Paciﬁc wind stress with approximately equal contribution.
However, on the inter-annual sea level variations, the remote wind forcing over the North Paciﬁc could contrib-
ute substantially more than that of local wind which modulated sea level immediately. Remote wind inﬂuenced
the China Sea in forms of changing of wind stress curl and ocean currents, which inﬂuenced the intensity of the
Kuroshio, especially during El Nino episodes.
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535 2109000.1. Introduction
Regional sea level variability can be attributed to ocean circulation,
ocean warming, exchange of freshwater, surface wind stress, and
other factors (Yamagata et al., 1985; Kohl and Stammer, 2008;
Vinogradov et al., 2008; Lombard et al., 2009; Stammer et al., 2013).
173Y. Li et al. / Journal of Marine Systems 154 (2016) 172–180Revealing the causes underlying sea level variability in the East China
Sea (ECS, Fig. 1) has been the subject of numerous studies using data
analysis and numerical modeling. Located at the mid-latitude, the ECS
shows prominent seasonal variability in the sea level, which can be
explained by steric change (Yan et al., 2007). Besides the seasonal sig-
nals, quasi-biennial cycle and other inter-annual oscillation were also
found to be prominent in the ECS's sea level (Yan et al., 2007), and the
inter-annual variability was negatively correlated with the Paciﬁc
decadal oscillation and ENSO (Yan et al., 2008; Han et al., 2010; Liu
et al., 2010; Zuo et al., 2012). On the inter-annual and longer time scales,
regional sea level changes are closely tied to the upper-ocean circu-
lation, which reﬂects the geographical redistribution of upper-ocean
water masses (Qiu and Chen, 2012). Wang et al. (2001) pointed out
that the spatial patterns of the principal components of the inter-
annual sea level variation in the ECS correlate closely with the
change of oceanic currents. The geotropic transport of the Kuroshio
causes the dynamic sea level variation in the ECS and the Japanese
East Sea (Ichikawa and Chaen, 2000; Teague et al., 2004; Zuo
et al., 2012; Stammer et al., 2013), a weaker Kuroshio would
increase the inﬂow of subtropical water to the Japanese East Sea,
accounting for higher sea surface height in the Japan Sea (Gordon
and Giulivi, 2004).Fig. 1.Geographic distribution of linear trend in sea level variation (unit: mm/year) from satellit
dashed black line is PN section). Three rectangle segments were chosen to investigate the region
(123°E–126°E, 33.5°N–37°N) from south to north, respectively.The ECS is a western marginal sea of the Paciﬁc Ocean, the ex-
changed water between the ECS and the North Paciﬁc (NP) could affect
sea level variation. Longwaves caused bywind changes from the Paciﬁc
Ocean propagated into the ECS, causing upper-ocean circulations to
change. Although thermal expansion, freshwater input from melting
glacier and ice sheet dominate in global sea level rise (Church and
White 2006), wind-induced redistributions of upper-ocean water play
a key role in regional sea level trends (Timmermann et al. 2010;
Merriﬁeld andMaltrud, 2011). Thus using numerical model and altime-
ter data, this study is to investigate the impacts of wind stress changes
on regional sea level variation in the ECS, and to evaluate the relative
contributions due to local wind and remote wind forcing from the NP.
2. Data and model
2.1. Data
2.1.1. Altimeter data
The altimeter products being used in this study were produced by
Ssalto/Duacs and distributed by AVISO, with support from CNES in
France (http://www.aviso.altimetry.fr/duacs/). Ssalto/Duacs system
processes data from all altimeter missions (Saral, Cryosat-2, Jason-1&2,e altimetermeasurements from January 1993 to December 2008 in the East China Sea (the
al effects, named by B (123°E–125°E, 25°N–27.5°N), A (122°E–125°E, 30°N–32.5°N), and C
Fig. 2. (a)Model grids (each line presents a 10-grids interval). (b) Simulated climatologically annual average sea surface velocity in unit of cm/s. (c) Barotropic stream function in unit of Sv
in the North Paciﬁc (positive value presents clockwise gyre, and negative is counter-clockwise, 1 Sv = 1 × 106 m3/s).
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geneous, inter-calibrated, and highly accurate long time series of sea
level anomaly (SLA) altimeter data. SLA data cover the period from
October 1992 to present with weekly intervals on a one-third degree
Mercator grid, while in this study the 17-year data from 1993 to 2008
are used. The various corrections have been applied to the altimeter
measurements, including ionosphere delay, dry and wet tropospheric
correction, electromagnetic bias, solid Earth and ocean tides, oceantide loading, pole tide, inverted barometer correction, sea state bias,
and instrumental corrections. In this study, this weekly data were ﬁrst
averaged to produce monthly mean data, then applied a three-month
moving average.
2.1.2. Ocean current data
Ocean current data are provided by the NOAA Climate Prediction
Center with 1/3 degree latitude and 1° longitude grid. The data are
Table 1
Setup of model simulations in sensitive experiments was as follows.
Experiments Wind (1989–2008) Temperature Salinity
ECS NP
Control Observed Observed Monthly Monthly
Paciﬁc climate – climatological – –
ECS climate Climatological – – –
Note: signal “–”means similar to the control case (indexed with C), case “Paciﬁc climate”
meanswind stress variation in theNP, case “ECS climate”meanswind variation in the ECS.
“Observed”means realistic monthly wind from 1993 to 2008 with inter-annual varying
winds, “climatological” is annual month wind averaged over 1870–1976without low-fre-
quency signals, and “monthly”means annual average month data provided by Ishii et al.
(2009).
175Y. Li et al. / Journal of Marine Systems 154 (2016) 172–180real-time ocean analysis and reanalysis from January 1980 to February
2014, and there are 40 geometric vertical levels. The current data
were used to calculate the Kuroshio volume transport (KVT) above
700 m through the PN section (Fig. 1), and to estimate the relationship
between Kuroshio and sea level from January 1993 to December 2008.
2.1.3. Nino Index
The Nino Index was provided by NOAA, deﬁned as the 3-month
means of SST anomalies in the Nino 3.4 region (http://www.cgd.ucar.
edu/cas/ENSO/enso.html).
2.2. Model setup
The Parallel Ocean Program (POP) is a three-dimensional ocean cir-
culationmodel on the sphere under hydrostatic andBoussinesq approx-
imations, developed by Los Alamos National Laboratory (Smith et al.,
1992). The simulated domain was from 40°S to 65°N and 95°E toFig. 3. (a) Time series of monthly mean sea level variation in the ECS from 1993 to 2008
(unit: cm). (b) Monthly Kuroshio volume transport (KVT) across the PN section (126°E,
29°N–128.2°E, 27.5°N) from 1993 to 2008 in unit of Sv. (c) Correlation between low-fre-
quency components of the KVT (blue line) and mean sea level variation (red dashed
line) after de-trended and a 2-year low-pass ﬁlter.120°W in the North Paciﬁc, with non-uniform horizontal grid. For the
ECS, with the range from 22°N to 42°N and 113°E to 135°E, a grid reso-
lution of 0.25° × 0.25° was adopted, so as to obtain precise solution to
the ECS and improve the calculation efﬁcient , the resolution of other
grids in the NP was 1° (Fig. 2a). The vertical depth was divided into 40
levels, and in the upper ocean (above 500 m), there were 19 layers.
Open boundary was set in thewestern and southern boundary with cli-
matological temperature and salinity forcing, the eastern boundary was
a closed boundary, and the northern boundary was considered to be a
wall because water mass transport through the Bering Strait was
negligible.
Initialized with climatological temperature and salinity from the
World Ocean Atlas (WOA) 2005, the North Paciﬁc POP was forced
with the climatological wind stress of Distributed Active Archive Center
for NASA Climate Data System (Hellerman and Rosenstein, 1983) and
integrated for several decades to reach a quasi-equilibrium state. After
that, the control experiment was carried out for the period of 1989–
2008, forced by the blended monthly sea wind stress (Zhang et al.,
2006) and monthly temperature and salinity data (Ishii et al., 2009).
Two sensitive simulations were designed to explore the relative
roles played by the remote Paciﬁc versus local winds on generating
sea level variation in the ECS, all the other parameters and forcing
were kept unchanged with the exception of wind forcing. The wind
forcing consists of different combinations of the observed monthly
wind supported by National Climatological Data Center (NCDC)
monthly blended data from 1989 to 2000 at 0.25° resolution and
QuikSCAT monthly data from 2000 to 2008 with a 0.5 resolution.
All these data were interpolated into the model grid and made a
new time series of monthly wind data with uniform resolution
(1989–2008). In sensitivity experiment 1 (Paciﬁc climate), we used
the inter-annually varying winds in the ECS and climatological
monthly winds in the Paciﬁc Ocean. Similarly in the sensitivity ex-
periment 2 (ECS climate) the setup of wind was opposite to that of
experiment 1(Table 1 showed the details of setup). Therefore, the
control simulations subtracted those of the Paciﬁc climate case
would reveal the variations of the NP inﬂuenced by inter-annual
wind stress, while the control one subtracted the ECS climate case
showed the roles of local wind in the ECS.
3. Results
3.1. Model validation
To evaluate themodel performance, the simulated currents (Fig. 2b)
were compared to the previous studies in the NP domain using the
model results of the fortieth year. The pattern of annual average sea sur-
face velocity (Fig. 2b) and baratropic currents (Fig. 2c) in the NP was in
good agreementwith previous simulations (Fujio et al., 1992;Wei et al.,
2004; Yang et al., 2010). The sea surface velocity showed a clockwise
rotation pattern, the maximum transport of subtropical gyre in the NP
at the western boundary can reach up to 60 Sv (1Sv = 106m3/s), the
subpolar gyre had amaximumabout 10Sv, theNorth Equatorial Current
divided into southern and northern branches nearby 12°N, the northern
branch formed the Kuroshio. There existed a maximum transport value
of 30 Sv in Mindanao cold eddy, the Equatorial Currents is about 20 Sv.
The mean sea surface height of simulation in the NP (not shown) dis-
tributed similarly to the previous global simulation results of priors
(e.g. Masumoto et al., 2004; Wei et al., 2004). The simulated results
can well reﬂect each component of ocean; therefore, further case
could be carried out based on the above experiment.
3.2. Connection between sea level in the ECS and the Kuroshio
On regional scales, sea level can be affected by changes of oceanic
circulations with the redistribution of seawater, which can result in
sea level variability on inter-annual to long-term timescales (Lee and
Fig. 4. Time-longitude plots of zonal integrated sea level variation in the tropical western North Paciﬁc (0–4°N, 120°E–180°E) during El Nino episode from altimeters (a) and model sim-
ulation (b) in units of cm. The black lines mark Kelvin waves. (c) Time-latitude plot of meridional integrated sea level variation in the ECS (25°N–36°N, 122°E–125°E ) fromMay 1996 to
1998.
176 Y. Li et al. / Journal of Marine Systems 154 (2016) 172–180Takeshi, 2007). The trend of regional mean sea level anomaly in the ECS
was calculated with a rising rate of about 4.1 mm per year from 1993 to
2008 (Fig. 3a), which was signiﬁcant higher than global trend of 3.3 ±
0.4 mm per year (Church and White, 2006; Nicholls and Cazenave,
2010). As a signiﬁcant driving force of hydrodynamic motions in the
ECS, the Kuroshio water intrusion events provided great mass of water
stirring in the ECS, the Kuroshio has a profound effect on the regional
sea level variation surrounding the ECS. Based on monthly current
data, the Kuroshio volume transport (KVT) through the PN-linewas cal-
culated (Fig. 3b,Wei et al., 2013), themulti-year seasonal average of the
KVT through the PN section was about 28 Sv (1Sv = 106 m3 s−1) from
1993 to 2008. Besides the annual cycle, the KVT exhibited a signiﬁcant
inter-annual variation. Correlation analysis showed that the correlation
coefﬁcient was small between the KVT and sea level variation of the ECS
on seasonal scale. However, with a two-year low-pass ﬁlter, the inter-Fig. 5. Correlations between low-frequency sea level variation of three chosen segments
and El Nino. The blue solid lines are inter-annual signal of sea level (unit: cm), and the
red dashed line is El Nino index.annual variation of sea level in the ECS had a good relationship with
the KVT, and the maximum signiﬁcant correlation coefﬁcient was
−0.67 (p-value b0.05, Fig. 3c), which revealed that the Kuroshio trans-
port could affect inter-annual changes of sea level in the ECS.
3.3. Response of sea level to El Nino
Inter-annual changes in the Paciﬁc basin–wide winds related to
ENSO events could change geostrophic boundary transport and result
in sea level variations at annual and longer periods (Ryan and Noble,
2006). Fig. 4 showed the sea level variation during the strong El Nino
from 1997 to 1998 in the tropical western Paciﬁc. During El Nino the
pattern of simulated sea level anomaly (Fig. 4b) was similar to that of
altimeter (4a), especially at the onset of El Nino, trade winds anomaly
drove Kelvinwave to propagate eastward, causing positive sea level sig-
nal to eastern boundary. The discrepancy between simulation and
altimeter data mainly resulted from the use of climatically monthly
forcing data (temperature and salinity), not real-time ones, and the
difference also indirectly revealed the signiﬁcant role of temperature
and salinity on the occurrences and development of El Nino events. Sim-
ulation results showed that inﬂuenced by the weakened westerly
winds, the intensity of the Northern Equatorial Current and Northern
Equatorial Counter Current dropped obviously in the west boundary,
which agreed with the ﬁndings of Wyrtki (1975). From May 1997 to
April 1998, volume transport by subtropical gyre of theNP in thewestern
boundary decreased by about 10 Sv (difference between control run and
Paciﬁc climate case), which suggest that during El Nino west boundary
current was weakened. The weakened Kuroshio has been observed by
Yuan et al. (2001) in 1997 voyage and could inﬂuence the ECS.
The ﬂuctuation caused by El Nino in the western boundary of the
NP propagated into the China Sea with the Kuroshio. Long waves en-
tered into the East China Sea from right side of Taiwan and propagat-
ed northward, the signal showed obvious seasonal feature (Fig. 4c).
It was not clear to see the effect caused by El Nino because the strong
seasonal signals overshadowed the inter-annual variation. Studies
showed that sea level variation in the ECS was connected to El Nino
(Han and Huang, 2008; Liu et al., 2009, 2010; Zuo et al., 2012;
Wang et al., 2014) with spatial characteristic. Three segments (see
Fig. 6. Comparisons between sea level variation from two sensitive model simulations and altimeter observation in unit of cm from 1993 to 2008. (a) Mean sea level in the ECS caused by
Paciﬁc wind, local wind, and observations. (b) Seasonal sea level variation caused bywind forcing and observation. (c) Inter-annual signal reduced by remote Paciﬁc wind, local wind, and
altimeter observations. Note: in all the three panels magenta line is for Paciﬁc, dark green line is local wind, blue line is for the combination of remote wind and local wind, and the black
line is the Altimeter data.
177Y. Li et al. / Journal of Marine Systems 154 (2016) 172–180Fig. 1, rectangle indexed with preﬁx “B,” “A,” and “C” from south to
north, respectively) were chosen to study the relationship between
sea level and the Kuroshio. The correlation analysis results showed
that the links between sea level variation in three regions in the
ECS and Nino index behaved asymmetrically (Fig. 5). After a 2-year
low-pass ﬁlter, the inter-annual sea level in region B correlated to
El Nino, with a max coefﬁcient 0.36; but maximum coefﬁcient was
−0.35 lagging 7 months in region A, and in region C, the correlation
coefﬁcient was−0.25 lagging 10 months after Nino index. The ﬂuc-
tuation caused by El Nino can be propagated into the East China Sea
from south to the north and resulted in mean sea level inter-annual
variation.
3.4. Wind effects
Since wind driving upper-ocean circulation is an important contrib-
utor for regional sea level variability and long-term trends (Lee and
McPhaden, 2008; Han et al., 2010; Timmermann et al., 2010; Zhanget al., 2012; Zuo et al., 2012; Moon et al., 2013), two sensitive experi-
ments were carried out to investigate the effects of local wind and re-
mote wind from adjoining sea on the sea level variation of ECS
(Table 1). It was clear to see that regardless of local wind or remote Pa-
ciﬁc wind forcing, the simulatedmean sea level in the ECS both showed
a strong annual variation compared to that of altimeter data with
highest sea level in summer (Fig. 6a and b). The correlation coefﬁcient
was 0.76 between the ECS's ﬂuctuation generated by the Paciﬁc wind
and sea level of altimeter and 0.52 between sea level variation generat-
ed by local wind and altimeter observations, respectively. Both changes
of local wind and Paciﬁc wind contributed to the sea level change in the
ECS. From 1993 to 2008 in the ECS, there was a rising rate of about 4.1
mm/year (Fig. 3a), the rising rate resulted from local wind anomaly
was 0.4 mm/year, and 0.8 mm/year caused by remote Paciﬁc wind
anomaly (Fig. 6a), which could explain a small part of sea level change.
Besides wind and circulation, steric effects played an important role on
sea level variation (Marcos et al., 2012; Zhang et al., 2012, 2014), which
did not discussed in this text.
Fig. 7. Distributions of correlation coefﬁcients between sea level anomaly in the ECS and local wind stress anomaly. (a) Relationship between sea level and zonal wind stress.
(b) Relationship between sea level and meridional wind stress.
178 Y. Li et al. / Journal of Marine Systems 154 (2016) 172–180To quantify the contributions of the local wind versus remote Paciﬁc
wind, we used the variance S=1− 〈(hmod− hobv)2〉/〈hobv2 〉, where hobv
is the sea level time series in altimeter, hmod represents the result from
two sensitive simulations, and 〈〉 denotes the summation over time. Ex-
tracted the seasonal signal of simulated de-trended sea level variation
(Fig. 6b), local wind and remote Paciﬁc wind could explain 40.4% and
48.8% of the annual variance of total sea level in the ECS, respectively,
indicating that wind played an important role in seasonal sea level var-
iation of ECS, whatever local wind and remote wind. After the seasonal
signal being removed, Fig. 6c clearly displayed the low-frequency varia-
tions resulted from local wind and Paciﬁc wind. The correlation analysis
showed a good relationship between remote Paciﬁc wind and altimeter
data with a high coefﬁcient of 0.58, and the contribution variance can
explain 34% of the inter-annual variance of altimeter observation. The
results indicated that the low-frequency sea level variations within
the ECS were mainly induced by remote Paciﬁc wind forcing instead
of local winds, which was in good agreement with that low-frequency
sea level variation around the Philippine was mainly forced by tropical
Paciﬁc winds (Zhuang et al., 2013).
Wind stress modulated sea level immediately; it could force seawa-
ter to transport toward/off coast, and accumulated/diverged on shore
causing high/low sea level, resulting in changes in the convergence/di-
vergence of near-surface Ekman transport. The correlation between
wind stress and sea level variation was analyzed. The correlation analy-
sis showed that zonal wind stress worked directly on the sea level. In
most regions of the ECS negative correlation between sea level and
zonal wind stress reached maximum simultaneously, with signiﬁcantTable 2
Sea level change trends of the three chosen segments in the ECS reduced by Altimeter and
remote Paciﬁc wind in unit of mm/year.
Region Altimeter Remote wind
B 3.5 −1.1
A 4.8 1.2
C 3.2 1.1correlation coefﬁcient ranging from −0.5 to −0.9 (p-value b0.05,
Fig. 7), which was in good accordance with the results of Zhang et al.
(2012). Remote wind from the Paciﬁc Ocean acted not only on seasonal
but also on inter-annual variations of sea level in the ECS. In contrast,
local wind mainly modulated the seasonal sea level variations.
Wind in the East China Sea subject to the East-Asia monsoon system
has signiﬁcant seasonal characteristic. Local wind inﬂuenced by
monsoon system modulated sea level variation in the ECS on annual
timescale. On the other hand, wind stress dynamically drives the
upper-ocean circulationwith seasonal, inter-annual, and long-term var-
iations in the Paciﬁc and leads to changes of subtropical circulation re-
gime. As the bond linking the North Paciﬁc and ECS, the intensity of
the Kuroshio could affect the sea level variation in the ECS signiﬁcantlyFig. 8. Low-frequency signal of the Kuroshioﬂux (Sv) and sea level variation (cm) reduced
by remote Paciﬁc wind forcing. (a) Relationship between the Kuroshio ﬂux (red solid line)
and El Nino (dashed line). (b) Correlation betweenmodeled sea level variation (blue solid
line) and El Nino (dashed line).
179Y. Li et al. / Journal of Marine Systems 154 (2016) 172–180(Zuo et al., 2012) since the Kuroshio carried large amount of energy and
heatﬂux into the China Sea. The response of regional sea level to surface
wind variability was evident in the ECS, local wind modulated sea level
seasonal ﬂuctuation in the ECS.
The remote wind coming from the Paciﬁc had a complex inﬂuence
on the ECS's sea level. The remote effect varied spatially on regional
sea level variation in the ECS. Table 2 shows the sea level rising trend
in the chosen segments (as Fig. 1 displayed), and long-term inﬂuence
resulting from Paciﬁc climate wind led to a different rising trend in
the ECS from south to north. Altimeter data showed that regional sea
level change was dramatic north of the Taiwan Island compared to the
other two regions, but the rising trend caused by remote Paciﬁc wind
was equivalent, which indicated that the ﬂuctuation from Paciﬁc prop-
agated into the ECS northward. In our model experiments, the remote
effect coming from Paciﬁc consists of seasonal, inter-annual, and even
longer time scale variation. Especially during El Nino episode, the abnor-
mally signal would change the intensity of circulation with the ﬂuctua-
tion propagating into the ECS and result in a response to sea level. The
Kuroshio ﬂux anomaly east of Taiwan caused by remotewind displayed
high correlationswith El Nino (0.61, Fig. 8a), and sea level anomaly gen-
erated by inter-annual wind signal was also related to El Nino (correla-
tion coefﬁcient−0.41, Fig. 8b), as mentioned in Section 3.2, there was
relationship between the Kuroshio and sea level variation in the ECS
on inter-annual time scale, the model result also revealed the negative
correlation. The Ekman transport and long waves propagation was es-
sential to the modulation originated from remote Paciﬁc wind.
4. Conclusions
Both local wind and remote wind acted on sea level variation in the
East China Sea. To assess the relative role of surface wind associated
with the monsoon system and Paciﬁc climate, two sensitive experi-
ments were carried out using POP model from 1993 to 2008. Through
comparisons between two sensitive simulations and the control exper-
iment, it is demonstrated that local wind and remote Paciﬁc wind forc-
ing played an equaled role in the seasonal sea level variation of ECS
except for dominated steric effects. The altimeter observations revealed
that inter-annual sea level variation in the ECS had obvious low-
frequency ﬂuctuation related to El Nino, and the intensity of Kuroshio
displayed high correlations with inter-annual sea level of ECS. The sim-
ulations conﬁrmed that changes of wind stress would inﬂuence sea
level variation by Ekman transport and modulations of ocean circula-
tion. Remote Paciﬁc wind stress could explain part of the inter-annual
sea level variation and the restwhether caused by steric sea level chang-
es needs a further study.
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